This work is the beginning of a study investigating dynamic changes of electrophysiological and correlative behavioral response in rats before, during and after stroke in the motor cortex. The animals need training sessions to regularly perform the behavioral tests. The standard deviation of total paw touches in the cylinder test (n=4) and the time required to eat a single strand of pasta (n=3) decreased by a factor of 1.7 and 3.6 respectively after 5 days of training.
Introduction
Stroke is the leading cause of severe disability in the United States. Due to resulting prolonged handicaps, stroke has an associated yearly economic burden of $65.6 billion. Cerebral ischemia accounts for 87% of all strokes, and is caused by a blockage of blood supply in the brain 1 . Occlusion of the blood supply typically results in an ischemic core which is permanently damaged within minutes or hours. There is also a surrounding area referred to as the penumbra, which is less ischemic and can recover from neural damage 2 . Motor control is often impaired following a stroke, by limiting one's ability to move muscles in a coordinated manner. This study investigated dynamic changes of electrophysiologcal and correlative behavioral response in rats before, during and after stroke in the motor cortex. The objective was to record chronic changes in the intra-cortical responses from the immediate surroundings of the infarct core using a multichannel microwire array, and correlate the animal's performance during behavioral tests.
Photothrombosis was used as our stroke model. A light beam is applied to the desired site of infarction. Light exposure to a photosensitive dye circulating through the cerebral vasculature, generates highly reactive oxygen radicals in the blood stream. The reactive radicals disrupt the bloodbrain barrier and the capillary endothelium, causing microvascular platelet aggregation. We have precise control of location, diameter, and depth using the photothrombosis model. Although the mechanism of microvasculature occlusion is completely artificial, the model is physiologically relevant and mimics naturally occurring ischemic infarcts 3 .
Simple behavioral tests allow us to characterize very specific functions of motor control, and how they are affected by cerebral stroke. We recorded and induced stroke in the primary motor cortex area that controls forelimb movement. The cylinder test encourages upright exploration of the animal's surrounding, causing the rat to use its upper forelimb muscles to support itself against the vertical walls of a plastic cylinder. Healthy rats prefer to use both forelimbs together to support their weight. The test characterizes neural damage with asymmetrical use of forelimbs 4 . The pasta manipulation test is a simple and valuable measure of dexterous forepaw function in rats. The test quantitatively gauges how stroke in the motor cortex changes the rats' eating patterns. Healthy rats are able to eat a strand of uncooked pasta faster, with fewer adjustments, and with less atypical behavior 5 . We are able to see how stroke changes the way rats plan an intended movement response and communicate with the motor cortex. These two different behavioral tests allowed us to observe behavioral changes in both upper forelimb and forepaw function.
A better understanding of brain tissue reorganization in the motor cortex using the combination of behavioral tests and electrophysiological recordings may help in developing stroke therapies and optimize recovery in the future.
Methods
Before the beginning of any surgical procedures, animals were routinely handled. The rats were brought to the lab at the same time each day. This allowed the rats to become accustomed to their handler and testing conditions. Behavioral training also made animals less sensitive to handling and testing after surgeries. Each animal performed the behavioral tests before any electrode implementation, to act as a baseline and become comfortable with performing the given tasks. Behavioral training started with four animals, and was regularly con-tinued with each until the animal underwent surgery.
All animal procedures were performed in agreement with the University of Illinois at Chicago Animal Care Committee guidelines. Sprague-Dawley male rats weighing 300-500g were used, and housed in the Biologic Resource Laboratory. To minimize animal stress during initial anesthetization, a 3%-halothane/98%-O 2 mixture was administered at a flow rate of 1.25 L/min for about ten minutes. The gas flowed to an air-tight chamber containing the animal subject. A 0.2 cc intramusuclar injection of Ketamine (100 mg/kg) / Xylazine (5 mg/kg) and Acepromazine (2.5 mg/kg) was given at the start of surgery. Supplemental IM doses of KXA were administered for maintenance of anesthesia approximately every hour 6 . The heart rate, oxygen saturation, and body temperature were constantly monitored. The paw pinch test was used every thirty minutes to ensure the animal was still properly anesthetized.
Chronic surgeries required the use of sterile surgical technique and sterile equipment and tools. One rat was used only to gather pre-stroke data, where an electrode was implanted with no stroke initiation. Another rat was induced with stroke to obtain post-stroke data. For the stroke animal, a catheter was first placed in the femoral vein in the right hindlimb for administration of the Rose Bengal photothrombosis dye solution.
The skull was held in place using a stereotaxi fame. A ground wire for electrical recordings was first soldered to a stainless steel bone screw. The bone screw was then inserted on the contra-lateral side of the electrode implant site. The craniotomy was preformed over the primary motor cortex (M1), contra-lateral to the animal's preferred forelimb. The area corresponding to forelimb motor control is located 2-4 mm rostal and 2-4 mm lateral relative to Bregma. The dura was carefully removed before electrode implantation 6 . A Tungsten micro-wire array with a single channel was used. The electrode was inserted using a micromanipulator into the motor cortex with a target depth of 1.7-1.8 mm, in layers V and VI 6 . After implantation, a thick layer of collagen-based Gelfoam was placed over the exposed brain, and then sealed with a mound dental acrylic to hold the electrode in place. Dental acrylic was also used to fix the electrode against the implanted bone screws. The skin was then sutured around the dental acrylic mound using non-absorbable 6-0 sutures, and post-operative antibiotics and analgesia were delivered as necessary.
Each animal was brought back to the Biologic Resource Laboratory after it woke up from the anesthesia. The first recording measurements were taken after 24 hrs of recovery.
We decided to use an animal model of localized ischemia, since 87% of clinical strokes are ischemic 1 . Photothrombosis was used to induce ischemic stroke in the stroke rat. Using a controlled ischemic event allowed us to very accurately align the recording electrode to the desired motor cortex stroke area. This careful positioning is not possible when using other more clinically relevant animal stroke models. This was done prior to electrode implementation during the same surgery session. A fiber optic light source (3 mm diameter, wavelength 560 ± 50 nm) was positioned directly over the exposed brain tissue next to the implanted electrode to create the ischemic infarct core.
A Rose Bengal dye solution (Aldrich Chemicals, 7.5 mg/ml saline solution, 1.3 mg/100 mg body weight) was injected intravenously through the previously inserted femoral vein catheter. The brain tissue was then exposed to the fiber optic probe light for 20 minutes 2 . The femoral vein of the stroke rat was cauterized to stop bleeding after the Rose Bengal dye catheter was removed. The skin was then sutured, and antibiotics were applied.
This simple behavioral analysis of forelimb asymmetry typically caused by stroke, is extremely valuable for assessing motor function before and after stroke. The test encourages upright postural exploratory movements. In this test, the animal is placed in a clear plastic cylinder, 17 cm in diameter and 16.5 cm tall. Using a HP Photosmart R827 digital camera, rat exploratory behavior was recorded for the first 3 minutes the animal was in the cylinder. The cylinder was cleaned after each test session. Windows Movie Maker video analysis allowed us to easily rewind and watch the video frame by frame if needed. The number of sole, right or left forelimb, or simultaneous forelimb touches for support against the cylinder wall was recorded 4 . The pasta manipulation test is a simple, quantitative measure of dexterous forepaw function in rats. Animals were given 7 cm lengths of uncooked Capellini pasta, distributed by Trader Joe's R , Monrovia, CA 91016. Testing occurred in the rats' own housing cages, as that is where they were most comfortable. To encourage consumption of the pasta pieces, each was lightly dusted in crushed pieces of sugar pellets, distributed by Research Diets, INC. New Brunswick, NJ 08901. A single source of pasta and sugar pellets was given to the rats, as to not change the testing conditions in any way. The ingredients of the pasta include: durum wheat semolina, niacin, iron lactate, thiamine mononitrate, riboflavin, and folic acid. The ingredients of the sugar pellets include: sucrose, cellulose, and magnesium stearate. All rats were accustomed to pasta eating in the presence of the experimenter prior to testing. Each test consisted of the animal eating 4-5 pasta pieces, so the rats were not food restricted. Video was recorded with the rat facing the video camera such that the digits and joints of the metacarpals and phalanges of both forepaws could be viewed. The camera was placed on a tripod level with the floor of the cage, the typical area of the forepaws during eating. The camera was moved during a testing session if needed to view a better angle of the digits. Eating patterns were then evaluated using video playback. With normal, healthy behavior, the animal uses one forepaw as a "grasp" paw and the other as a "guide" paw. The grasp paw holds the pasta strand at the bottom and pushes the piece through the guide paw near the mouth.
Three quantitative variables were used to assess the changing eating behavior, possibly due to stroke. The first, was the number of adjustments made per forepaw, shown in Figure 1 . Adjustments consist of a release and regrasp motion of a single paw while holding the pasta to eat. Adjustments were counted when a paw released the pasta and regrasped, either directly touching the pasta or landing on top of the other paw. A slide of the paw down the pasta strand without an extension of the digits, was not counted as an adjustment. We also recorded the amount of time the rat took to eat a 7 cm piece of pasta. The time was started when the rat placed the piece in its mouth, and ended when the rats abruptly lifted up its head, shown in Figure 2 . The third variable was the number of times atypical eating behavior was shown. Atypical behavior increases due to stroke. We watched for three distinct unusual eating patterns: (1) symmetrical regrasping of long pasta pieces with both paws together; (2) the piece is pulled by the mouth through paws; (3) one paw does not move at all 5 . Electrophysiological recording with the chronic electrode was done while the animals were lightly anesthetized using KXA. Recording of the electrophysiological signals was obtained with a multi-channel recording system from Tucker Davis Technologies (TDT). The base of the electrode plugged into a preamplifier that is part of the TDT processing system. In addition to recording the neural activity during the 20 min of photothrombosis, 5 min of firing was recorded prior to stroke, after stroke, and each day following the stroke. Neuroexplorer was used to analyze the data gather by the TDT system.
Results
As expected, Figure 3 shows that healthy rats preferred using both limbs at the same time while exploring the vertical walls of the cylinder. The cylinder test also allowed us to determine the animal's preferred forelimb when making asymmetrical touches. All animals used their right forelimb most frequently while making sole forelimb touches, so we induced stroke contra-laterally in the left hemisphere of the brain.
We found that behavioral training before any stroke induction was extremely important. Figure 4 shows two different measures of the cylinder test. Each confirm that the animal needs about a week to become accustomed to testing conditions before any real baseline data is shown. In the beginning of testing there is a large variability in the difference of right and left paw touches and total touches during each testing session. The standard deviation of right and left paw touches and total paw touches in the cylinder test decreased by a factor of 1.6 and 1.7 respectively after 5 days of training (n=4).
The animal labeled R1 in Figures 3 and 4 had a recording electrode implanted between recording days 2 and 3. No stroke was induced. Despite having surgery and an implanted electrode, animal R1 showed the same behavior as the other rats that had not yet undergone surgery. The animal was able to become accustomed and develop the skills necessary to perform the cylinder test in the same time frame, and in the same manner as the other healthy rats. This shows that the trauma associated with electrode implant and recovery, minimally affects the animals' behavior quantified by this test. Therefore changes seen after stroke would be caused solely by stroke and not surgery itself.
Animals also required multiple testing sessions before developing a regular baseline performance with the pasta manipulation behavioral test. In the first testing sessions animals found the strands of pasta awkward to eat and often stopped to play with the strand before finish- ing. Through regular testing sessions, animals learned how to manipulate the pasta pieces with ease. Figure  5 shows that the standard deviation of time required to eat a single strand decreased by a factor of 3.6 after the fourth testing day, and the number of adjustments made while eating a pasta strand steadily decreased over time to reach each animal's normal adjustment range. After regular performance was achieved the average time to eat a pasta strand was 5.39 ± 0.44 seconds, and the average adjustments made per strand was 2.4 ± 1.4 adjustments (n=3).
The animal labeled R1 in Figure 5 is again the rat that had an implanted electrode with no stroke. This animal also showed the same behavior in the pasta manipulation test as the other rats that had not yet undergone surgery. Figure 6 shows the cylinder test and the pasta manipulation test data for the one rat that was induced with a stroke in the motor cortex. The animal's aver- age cylinder touches have decreased by a factor of 5.6 post-stroke when compared to its own regular behavioral performance pre-stroke. The average number of pasta adjustments made per strand increased by a factor of 3.6 post-stroke. To date, there have also been some atypical behavior noticed post-stroke while eating the pasta. The animal has made symmetrical adjustments while the pasta piece is long, and has used its mouth to pull the piece through its hands. Figure 7 shows the firing rate histograms of neural activity at different points in time relative to the stroke. The pre-stroke mean neural firing rate on the electrode was 94 spikes per second (spk/s), this increased to 146 spk/s during the 20 minute stroke induction, and was only 4 spk/s post-stroke 20 min after stroke. The firing rate has increased to near pre-stroke levels in the first days following the stroke, suggesting neuron repair. 
Discussion and Conclusions
Regular behavioral training of the animals before the induction of stroke has shown that preliminary testing sessions are extremely valuable and necessary to accurately assess motor cortex function after stroke. Animals need to be performing consistently in behavioral tests before their state can be altered by a stroke. To reach this recurrent, baseline performance, at least five standard behavioral training sessions were required for the cylinder test and four sessions for the pasta manipulation test.
Both the cylinder and the pasta manipulation test showed deficits in forepaw function after stroke in the stroke animal. The changing mean firing rates of neural activity recorded by the microwire array shows evidence of a stroke and neural recovery. While an objective of this study was to compare behavioral response with electrophysiological stroke data, this preliminary data hasn't allowed us to sync the two data sets together. This will be the next step for Dr. Rousche's lab. While neural activity did return to near pre-stroke levels in the penumbra region, behaviorally, the animal was still showing large deficits due to stroke.
One possible reason the mean neural firing rate decreased from the 1st post-stroke day on the 2nd day could be from scar tissue build up on the electrode itself. Whenever something is implanted into the brain, there is tissue trauma, causing scar tissue to form. If the tissue was to cover and insulate the electrode microwire, it would not be able to record as many electrical signals. This will be more important in longer term post-stroke chronic recordings in the future.
Although this work has not yet investigated spatial electrophysiology as originally planned, Dr. Rousche's lab is continuing this chronic motor cortex study. More surgeries are scheduled, and the lab plans to implant electrodes with multiple channels and record for longer periods of time following stroke.
